INTRODUCTION As the traditional hardware-in-the-loop simulation (HILS) in the laboratory for flight control system (FCS) evaluation has to build the mathematical models for aircraft aerodynamics and attitude motions, it still has a great distance away from the totally real flight tests. To replace the mathematical aerodynamic models and attitude models in HILS with real factors, wind-tunnel hardware-in-the-loop simulation (WT-HILS) was used. In WT-HILS, the aerodynamic forces act on the aircraft model in real-time by putting the aircraft model under the simulated airflow in wind tunnel and the aircraft model perform the real attitude motions under the control of the real FCS as shown in FIG. I . Obviously, the WT-HILS is more realistic than the traditional laboratory based HILS. If the WT-HILS is applied to evaluate the FCS before flight tests and after HILS, some FCS errors, such as the control loss in unsteady motions that may occur in real flights and are not detected in HILS can be exposed by WT-HILS. Therefore, the risks of flight tests can be farther reduced by WT-HILS.
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In recent decades, many countries were positively developing the WT-HILS techniques for FCS evaluation [1] . In USA, an eight-wire suspended 2-DOF rig developed by Arnold Engineering Development Center (AEDC) in 2002 [2] and a six wire-suspended 3-DOF rig developed by Physical Sciences Incorporation (PSI) in 2009 [3] were built to research the WT-HILS systems for evaluating the FCS of air-to-air missiles.
Then, a WT-HILS platform for design and testing of visionbased control algorithms of unmanned air vehicles (UAVs) was developed by the University of Texas in 2009 [4] . In UK, a 2-DOF rig which permits free roll and yaw was built by the University of Cambridge in 1999 [5] for evaluating the robust controller of the HIRM (High Incidence Research Model) [6] and an unforced pitch-axis single-degree-of-freedom rig was built by the University of Bristol in 2003 for evaluating the PID controller [7] and the dynamic state-feedback gain scheduled controller [8] for the HAWK model. In Russia, a 3-DOF rig in T-203 low-speed wind tunnel was built by SibNIA in 2002 [9] for evaluating the spin recovery strategies of combat aircrafts [10] . In Sweden, a yaw-degree-of-freedom test rig was developed by the Royal Institute of Technology in 2010 [11] for evaluating the control laws of tailless aircrafts. In France, a 3-DOF (free pitch, yaw, and roll) test setup for an autonomous projectile prototype was built by the FrenchGerman Research Institute of Saint-Louis (ISL) in 2015 [12] in order to assess several control approaches for the projectile. In China, a 3-DOF (free pitch, roll, and forced yaw) rig in the 2.4m transonic wind tunnel from the China Aerodynamics Research and development center (CARDC) was built in 2012 [13] for evaluating the decoupling control method of a missile [14] and the scheme of a low-speed 3-DOF rig was proposed in 2012 [15] for evaluating the control laws of various aircrafts.
FIGURE I. SKETCH MAP OF THE WT-HILS SIMULATION
According to the above survey of the development of WT-HILS, lots of rigs had been developed in an attempt to evaluate FCS. However, their researches mainly concentrated on the development of testing rigs and few analyzed the FCS evaluation abilities of WT-HILS, and how to evaluate FCS with WT-HILS. In this paper, these issues were addressed and by answering these questions, the limitation of WT-HILS for evaluating FCS can be known and a reference WT-HILS evaluation method for FCS evaluation can be provided.
II. EVALUTING ABILITIES OF WT-HILS

A. Features of WT-HILS
Before researching the WT-HILS techniques, features of WT-HILS should be first pointed out. As the WT-HILS is based on wind tunnels, it has the following three obvious features:
(1) Only aerodynamic angles (angle of attack, angle of sideslip) can be reproduced in wind tunnels. Due to this feature, attitude angles (pitch angle, yaw angle, roll angle) should be calculated because attitude angles consist of not only the aerodynamic angles but also the velocity angles (flight path angle, heading angle). Therefore, the velocity angles and attitude angles should be calculated with the measured data in wind tunnels.
(2) Translational motions are limited in wind tunnels. Due to the limitation of translational motions, translational motions should be calculated with the measured data from wind tunnels.
(3) Most of current wind tunnels, especially high-speed wind tunnels cannot adjust airflow speed in real-time. Due to this feature, the FCS performances that WT-HILS can evaluate are limited.
B. What FCS Performances WT-HILS Can Evaluate?
Generally, FCS performances can be described as the flight performances and flight qualities under the action of FCS. The flight performances are mainly used for describing the characteristics of translational motions, including velocity indexes, height indexes, taking off and landing indexes, maneuvering indexes, endurance indexes, guidance precision, flight envelope and so on [16] [17] . The flight qualities are mainly used for describing the characteristics of rotational motions, including longitudinal flight qualities, lateraldirectional flight qualities, flight qualities under unsteady maneuvers, agility indexes and so on [17] [18] .
As the airflow speed cannot be changed in WT-HILS, the FCS performances that WT-HILS can evaluate are analyzed as follows.
(1) Flight performances in steady flight. As in steady flight the translational accelerations are 0, flight performances under such flight condition can be evaluated by WT-HILS, such as the target tracking indexes in steady flight, the hovering radius and cycle indexes in steady hover. While due to the limitation of speed change, the velocity indexes, taking off and landing indexes, guidance precision, and flight envelope cannot be evaluated.
(2) Longitudinal short-term performances, stability and control performances of lateral-directional motions. Under normal motion conditions (motions with small amplitude), the aircraft motions can be decoupled into longitudinal motions and lateral-directional motions. And the longitudinal motions include the short-term mode and long-term mode. The shortterm mode is relative to angle of attack and pitch angle and the influence of velocity can be neglected. The long-term mode is mainly relative to the velocity and flight path angle. Lateraldirectional motions include the Dutch roll mode, roll mode and spiral mode. These modes are mainly relative to roll angle, angle of sideslip and yaw angle and the influence of velocity can be neglected. Therefore, longitudinal short-term performances, stability and control performances of lateraldirectional motions can be evaluated by WT-HILS, while longitudinal long-term performances cannot be evaluated.
(3) FCS performances of unsteady maneuvers. The unsteady maneuvers, which are mainly relative to large angle of attack or large angle of sideslip, have quite obvious nonlinear aerodynamic characteristics and have strong couplings between aerodynamics and motions. To modeling these maneuvers realistically, the WT-HILS rig should permit free rotations or free maneuvers so as to avoid the calculating of aerodynamic angles with measured moments and the aerodynamics and motions can counteract with each other as that of real flights. In this way, FCS performances of unsteady maneuvers can be effectively evaluated by WT-HILS. Some departments had developed rigs to evaluate the control algorithms of free spin [9] [10] , free wing rock [11] , free pitching-rolling coupling motions [14] .
(4) Heading agility indexes. Aircraft agility can be divided into flight path agility and heading agility. The flight path agility means "the ability to change the direction and amplitude of velocity with FCS". Apparently, it cannot be evaluated by WT-HILS. The heading agility means "the ability to change the head directions (such as pitch and yaw) with FCS". It is mainly relative to the attitudes and maneuvering time and can be evaluated by WT-HILS.
III. AN EVALUATION METHOD OF WT-HILS
Concluded from the evaluation processes of numerical simulations, HILS and flight tests, the technical content of a WT-HILS evaluation method can be divided into four steps (shown in FIG. II) : 1) definite the FCS performances and indexes needed to be evaluated; 2) aiming at the FCS indexes, design the WT-HILS test method, which should definite the parameters need to be measured, the test system scheme, test types and test procedures; 3) design the data processing method, which should transfer the measured data to the indexes; 4) design the performance determination method, which should judge whether the indexes are satisfied or have a enough performance level. The following is a WT-HILS evaluation method towards a pitching control system [19] .
FIGURE II. PROCEDURES OF A WT-HILS EVALUATION METHOD
A. Evaluation Object: a Pitching Control System
The pitching control system of an unmanned aircraft is taken as the evaluation object (shown in FIG. III) . By inputting the desired pitch angle i  and the feedback angle o  to the pitch controller, a control signal, namely an elevator deflection angle  is generated. Then the aircraft will response to the deflection of pitching elevators and perform the pitch motion. The controller will keep adjusting the  until the o  reaches to the i  . 
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B. WT-HILS Evaluation Method for Evaluating the Pitching Control System 1) Test method
The test system scheme for evaluating the pitching control system is shown in FIG. IV 
2) Data processing method
After finishing the above test, the RCAS records a series of time-varying pitch angles which can be integrated as an attitude response curve. 
3) FCS performance determination method
After obtaining the FCS indexes, the index level should be determined. Here, two steps are used to determine the index level: the general region requirement and the level dividing. First, it should be judged whether the index is in the general region. If the index is in the general region, the level of the index should be divided then. Here, three levels are used. Their meanings are listed in TABLE 1. To different vehicles, the required region of each index is different. For the sake of later simulation demonstration, a sample general region and each level region are listed in TABLE 2. These regions were assumed and were not to a specific aircraft, but were chosen by resembling realistic metrics. 
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C. Numerical Simulation Demonstration of the WT-HILS evaluation method 1) Numerical simulation scheme
To illustrate the WT-HILS evaluation method quantitatively, a numerical simulation of WT-HILS was performed with a sample air vehicle. The numerical simulation scheme is shown in FIG. 6 , in which the elevator actuator model and the sensor model are not considered.
The pitch motion model is a combination of the equations (1) From the above numerical demonstration of the designed WT-HILS evaluation method, the attitude tracking performance is successfully evaluated, which validates the feasibility of the WT-HILS evaluation method. IV. CONCLUSIONS Several basic issues concerning the WT-HILS technique for evaluating the hardware integrated FCS before flight tests and after HILS were addressed in this paper. They are summarized as follows.
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(1) According to the features of WT-HILS, the WT-HILS evaluation abilities are limited: the steady flight performances, longitudinal short-term performances, stability and control performances of lateral-directional motions, FCS performances of unsteady maneuvers, and heading agility indexes can be evaluated by WT-HILS, while the FCS performances relating to speed change, such as the guidance precision, longitudinal long-term performances and flight path agility cannot be evaluated.
(2) Aiming at the attitude tracking indexes of a classic pitching control system, a WT-HILS evaluation method was proposed, including the test method, the data processing method, and the FCS performance determination method. Then, a numerical simulation of the WT-HILS test was performed to illustrate the WT-HILS evaluation method. The simulation preliminarily validated the viability of this WT-HILS evaluation method. Future work will be focusing on the wind tunnel tests to further validate the WT-HILS evaluation method. 
